Abstract. In this work we discuss the possibility of cosmic defects being responsible for the B-mode signal measured by the BICEP2 collaboration. We also allow for the presence of other cosmological sources of B-modes such as inflationary gravitational waves and polarized dust foregrounds, which might contribute to or dominate the signal. On the one hand, we find that defects alone give a poor fit to the data points. On the other, we find that defects help to improve the fit at higher multipoles when they are considered alongside inflationary gravitational waves or polarized dust. Finally, we derive new defect constraints from models combining defects and dust. This proceeding is based on previous works [1, 2] .
Introduction
The recent detection of B-mode polarization on large angular scales [3] has opened a new window to test and constrain models that predict primordial perturbations. The leading candidate, as claimed by the BICEP2 team, is primordial inflationary gravitational waves. For a tensorto-scalar ratio r of around 0.2, these give a good match to the spectral shape in the region ≈ [40 150]. An alternative mechanism of generating primordial B-modes is the presence of cosmic defects. Even though their relative contribution to the temperature power spectrum is expected to be sub-dominant, they can still contribute importantly to the B-mode polarization. We explore whether cosmic defects could explain or help other primary contributors fit the data better.
Recently some works have reported that the measurements made by BICEP2 can have a nonnegligible astrophysical source: polarized dust foregrounds [4, 5, 6] . We extended our primary analysis including such a possible source.
Cosmic defects and defect zoo
Cosmic defects are extended objects that could be produced during cosmological phase transitions at the earliest stages of our universe, when spontaneous symmetry breaking occurred. Defects appear as a consequence of the development of a non trivial vacuum configuration.
Depending on the symmetry of the system, as well as on the vacuum manifold configuration, the breaking process leads to different defect networks. Among the wide range of defects analyzed in the literature, we have focused on the following types, which can be considered as the representative ones:
(i) Abelian Higgs strings (AH strings): consequence of a broken U (1) L local symmetry.
(ii) Textures (TX): products of the breaking of a global O(4) G symmetry. (iii) Semi-Local strings (SL strings): produced after a SU (2) G × U (1) L symmetry is broken. In some sense, they are a mixture of local and global defects.
Cosmic defects are predicted by many inflationary scenarios and their cosmological implications have been widely analyzed. Cosmic defects not only generate CMB anisotropies, but they are also candidates for the generation of other phenomena such as gravitational waves or lensing. Their detection, therefore, would give invaluable information about the physics of the early universe.
CMB anisotropies
The possible contribution of defects to CMB anisotropies has been one of their most studied observable imprints, both in temperature and polarization channels. Their contribution has been highly constrained via the temperature anisotropies [7, 8, 9] .
In contrast to ordinary inflationary perturbations, which are set by the initial perturbations, scaling of defects implies that they continuously induce perturbations to the background metric, i.e. they are active sources of perturbations.
One of the most important differences between primordial and defect induced anisotropies arises in the vector perturbations. Inflationary vector modes decay due to the cosmological expansion and do not create B-modes. On the contrary, defect vector perturbations are seeded continuously and consequently do not decay. The contribution of defects to B-modes, therefore, is twofold: through tensor and vector perturbations; and both ingredients contribute in a comparable amount. Scalar perturbations, in turn, do not induce directly B-modes, they only contribute through lensing of E-modes. This is the reason why it is plausible that the relative contribution of inflation and defects to B-modes can be similar in amplitude.
All defect networks produce CMB anisotropies in a very similar way, and even though the shape of the power spectra is very similar, there are some differences that must be pointed out. Beyond the shape and peak position, those differences come from the constraints imposed by CMB experiments. In opposition to the inflationary case, where scalars and tensors can vary almost independently (apart from the inflationary consistency relation), the amplitudes of temperature and polarization power spectra from defects are strictly related. Thus, though no experiment had constrained defects in the BB channel until BICEP2 released their data, the possible defect contribution to it has already been limited by the temperature constraints.
In Fig 1 we show spectra obtained using field theory simulations [10, 11] . There it can be seen how the constraints derived in the temperature channel affect the possible contribution of each type of defect in B-modes. The most dramatic effect is suffered by AH cosmic strings; their contribution is so suppressed by temperature that it is highly unlikely that they could be a primary source of B-modes. On the other hand, limits imposed on textures and SL strings are not so drastic.
Usually the possible defect contribution is encoded in two related parameters. The first one is Gµ, where G is Newton's constant and µ is the string tension. It encapsulates the most general properties of the defect network, since µ is strictly linked to the symmetry breaking energy scale 1 . The second is f 10 , is used only in CMB contexts and measures the relative contribution of defects at multipole = 10 in the temperature power spectrum. Although there is no direct analytic correspondence between these two parameters, roughly f 10 ∝ (Gµ) 2 for f 10 1.
3. Fitting BICEP2 data using defects and inflationary tensor modes The main question faced by this work is whether defects can account for the whole signal measured by the BICEP2 experiment. In the left panel of Fig. 2 we have included BICEP2 points as well as the best-fit gravitational wave spectrum (solid black line) and the possible contributions of AH cosmic strings considering different normalizations. This figure shows qualitatively that a model containing only defects give a poor fit to the data points. If one tries to fit high-points, the points at low multipoles are underestimated; and vice versa, fitting low multipoles implies overestimating the signal at high-s. The analysis of textures and SL strings leads to similar conclusions. We promoted our basic and qualitative statements into quantitative results via a Monte Carlo analysis. A summary of the analysis can be found in Table 1 . It can be clearly seen that none of the defects is able to give a comparable fit to the one provided by inflationary tensor modes. Having discarded the role of cosmic defects as primary source of B-modes, at this point we change the perspective and explore how they could assist, as a secondary player, the primary contribution coming from inflationary tensor modes. Defects peak at smaller scales, i.e. contribute more significantly at higher multipoles than gravitational waves (see right panel of Fig. 1 ), hence a mixture of both ingredients could improve the fitting. Results can be found in Table 1 , where the maximum likelihoods show how the fit is improved, although it should be noted that this model takes into account two extra contributions.
... and dust
It has become increasingly apparent that the measurements of BICEP2 might have a nonnegligible contribution from polarized dust foregrounds [4, 5, 6] . Such an astrophysical effect could have been underestimated in the region where BICEP2 made its measurements and would acquire more importance than previously expected.
Following the recipe given in those works and assuming a power-law profile for the dust power spectrum, we extend our previous analysis including dust into the statistical analysis. The dust spectrum has been characterized in the following way:
where A dust is used as the normalization parameter that controls the dust contribution 2,3 . Dust foreground B-mode spectrum, in contrast to the defect case, has more importance at low-s (see Fig. 3 ). Therefore, dust apparently is more in competition with gravitational waves than with defects. The results are shown in Table 2 . The first thing we notice is that dust alone 2 Another parametrisation of dust is used in the literature, given by ∆ 2 BB , which is related to ours via
3 While this work was in preparation the Planck collaboration submitted a paper [6] where they updated the initial dust spectrum to C BB l ∝ −2.45 . We tested our results and they do not change significantly with this new power-law. BICEP2 BB data points and B-mode spectra of tensors (thick solid black line), dust (thick dashed green line) and AH strings (thin solid red line) plus the corresponding lensing contribution. The spectra are obtained using values given in Tables 1 and 2. does a very good job, and even more, it is able to improve the fit given by inflationary tensor modes, confirming what previous works suggested [4, 5] .
The two rightmost columns of Table 2 show that a combination of gravitational waves and dust is not preferred over a model with dust alone. Moreover, analyzing the best-fit point, one could see that data prefers a model with r ≈ 0. As happened in the previous analysis, defect inclusion improves the fitting, since they assist at higher multipoles. Table 2 . Parameter estimations and best-fit likelihood values for different cosmological models, fitting for the BICEP2 data. This is similar to Table 1 , but in this case a dust model is included.
New constraints
We observe that dust is the globally-preferred ingredient by the data [2] . That is the reason why we derive our latest constraints for defects using a model containing defects and dust contribution. In order to obtain the most accurate constraints, we consider a wider CMB dataset, which not only contains B-mode data by BICEP2, but also includes other channels: Planck (TT), WMAP (TE and EE) and high-SPT and ACT (TT). In Table 3 a comparison of the current constraints and the constraints provided by the Planck collaboration is shown. Constraints of our work have been derived for a ΛCDM+defects+dust model and using the full-CMB dataset [2] , whereas the Planck collaboration do it for a ΛCDM+defects using the same dataset as us except for the BICEP2 [8] .
The inclusion of the B-modes measured by BICEP2 does not change drastically the defect constraints, though their inclusion has slightly tighten them. Table 3 . 95% confidence limits for Gµ and f 10 derived by the Planck collaboration and this work. We use a combined model with dust and defects to obtain current constraints.
Conclusions
Having investigated the possibility of defects being responsible of the recently detected B-mode polarization by the BICEP2 collaboration, we find qualitative and quantitative evidence to assert that defects on their own are a poor fit to the signal. Hence, the need of an additional contribution (gravitational waves or polarized dust) is manifested. Nevertheless, defects can help those primary contributions to lift the spectrum at high multipoles. The analysis shows that in both cases, when a defect contribution is added to gravitational waves or dust, the overall fit is improved.
On the other hand, dust contamination is in general preferred by the data over a gravitational wave source. This is the reason why we choose dust as the primary player in the defect constraint derivation. We calculate new constraints using a full CMB dataset (Planck, WP, High-and BICEP2). New constraints, in Table 3 , are tighter than the ones provided by the Planck collaboration, evidencing the importance of current B-mode experiments in constraining defect models.
